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A Framework of Knowledge Creation Processes in Participatory Simulation of Hospital Work Systems
Participatory simulation (PS) is a method to involve workers in simulating and designing their own future work system. Existing PS studies have focused on analysing the outcome, and minimal attention has been devoted to the process of creating this outcome. In order to study this process, we suggest applying a knowledge creation perspective. The aim of this study was to develop a framework describing the process of how ergonomics knowledge is created in PS. Video recordings from three projects applying PS of hospital work systems constituted the foundation of process mining analysis. The analysis resulted in a framework revealing the sources of ergonomics knowledge creation as sequential relationships between the activities of simulation participants sharing work experiences; experimenting with scenarios; and reflecting on ergonomics consequences. We argue that this framework reveals the hidden steps of PS that are essential when planning and facilitating PS that aims at designing work systems.
Keywords: participative ergonomics; health care ergonomics; process mining; knowledge creation; work systems Practitioner summary: When facilitating participatory simulation (PS) in work system design, achieving an understanding of the PS process is essential. By applying a knowledge creation perspective and process mining, we investigated the knowledge creating activities constituting the PS process. The analysis resulted in a framework of the knowledge creating process in PS.
Introduction
Designing new hospital workplaces does not only include design of the physical buildings. The physical building is tightly connected with how the work is organised, how workers communicate, how workers apply different technologies, and how workers conduct work tasks. These interconnected elements together form a hospital work system Hallock, Alper, and Karsh 2006; Holden et al. 2013 ). A work system has been defined as '…a system in which human participants and/or machines perform work using information, technology, and other resources to produce products and/or services for internal or external customers' (Alter 2006) .
The design of hospital work systems has been shown to influence healthcare workers' well-being and performance, resulting in impact on patient safety and quality of care (Hignett et al. 2013) . Therefore, the design of hospital work systems has to support the work and the associated workers. Participatory ergonomics and simulation have been stated as two methods for designing work systems supporting the work and workers (Waterson et al. 2015) . Participatory ergonomics involves workers in interventions and the design of their own future work system (van Eerd et al. 2010; Neumann and Village 2012; Xie, Carayon, Cox, et al. 2015) . The advantage of PE is that the workers' knowledge of the existing work system contributes to the design of the new work system, and involvement of workers in the early design of work systems has shown financial benefits (Hendrick 2008) . Simulation tools can have different forms, but always involve modelling the existing or the future work system (Hettinger et al. 2015) . The advantage of simulation is that different work system designs can be evaluated, without the necessity for resource-demanding interference with the existing 'real world' work system. The rationale of both PE and simulation is that ergonomics challenges can be identified and improved during the design process, instead of being corrected after implementation, which often involves high costs.
A method combining the advantages of PE and simulation is participatory simulation (PS). PS is based on the principle that workers are involved in simulation of their future work system by application of simulation media that model the future work system (Daniellou 2007) . The benefits of PS have been shown to be innovation of the future work system (Broberg and Edwards 2012) ; evaluation of the future ergonomics conditions (Andersen and Broberg 2015) ; detection and improvement of design properties that would lead to hazards or malfunctioning (Daniellou 2007) ; and smoothening of the implementation process (Daniellou 2007) . The outcome of PS is often in the form of worker feedback that can function as new design specifications intended to be communicated to work system designers and integrated in the design (Barcellini, Van Belleghem, and Daniellou 2014; Béguin 2014; Broberg, Andersen, and Seim 2011; Daniellou 2007; Österman, Berlin, and Bligård 2016) . The worker feedback has been shown to take several different forms (Österman, Berlin, and Bligård 2016) , and is highly influenced by the fidelity of the simulation medium applied (Andersen and Broberg 2015) .
This introduction to PS shows that the existing research has mainly focused on analysing the outcome of PS and not the process of creating this outcome. We argue that without understanding this process, we risk blindly planning and facilitating PS events. In the context of hospital work system design, it means that we remove hospital workers from their core area, for participating in PS events to create new design specifications, without really knowing the process we are planning and facilitating. Therefore, this study will investigate the process of PS. In order to do this, we suggest applying a knowledge creation perspective. In this way, we view PS as a process of creating new ergonomics knowledge in the form of new design specifications for the future work system to support both the human well-being and the overall system's performance.
Study aim
When applying a knowledge creation perspective to PS, we highlight how participating workers contribute with individual professional experiences, competences, and knowledge (Béguin 2014; Daniellou 2007) to create new design specifications. The workers' professional knowledge is often difficult to put into words because it often has a 'tacit' nature and is thereby difficult to verbalise (Garrigou et al. 1995; Norros 2014) . Norros (2014) indicates that PS and the application of objects such as simulation media is a relevant method for converting tacit knowledge into explicit knowledge. To shed light on this knowledge transformation and knowledge creation process of PS, the aim of this study is to develop a framework describing the process of how ergonomics knowledge is created in PS. We define a framework as a way of describing different elements and the general relationships among these elements (Ostrom 2011) . We define a process as being a set of interrelated activities all contributing to a common goal. We define ergonomics knowledge as the outcome of PS in the form of new design specifications. The intention of the framework is to support ergonomists in planning and facilitating PS events.
The study context
The context of the study is hospital work system design. The outset is the current renewal process of the Danish hospitals, aiming at increasing efficiency and quality of care. Renewal of the hospital buildings includes building redesign and design of new hospital work systems to be employed in the new buildings. To assist the renewal process, the Danish Regional Councils have funded several innovation centres that involve healthcare workers from the existing hospitals in events that can be characterised as PS. The purpose is to benefit from the healthcare workers' professional knowledge of the existing hospital work systems to develop design specifications, and communicate these to the actors making design decisions about the new hospital work systems. These actors are hospital management, hospital planners, consulting architects, and consulting engineers. The PS phenomenon currently occurring in the Danish innovation centres provides a unique opportunity to investigate the creation of work system design specification in PS as a process of creating ergonomics knowledge.
Theoretical basis of knowledge creation
The knowledge creation perspective originates from organisational theory studies. Knowledge is defined as a 'mix of framed experiences, values, contextual information and expert insight…' (Davenport and Prusak 2000) . The term knowledge creation has been applied in explanations of how companies could sustain innovative initiatives (Nonaka 1991) . In this context, knowledge is recognised as a corporate asset of the organisation (Davenport and Prusak 2000) . Knowledge creation has been defined as the process of converting individual tacit knowledge into explicit common knowledge and back again into tacit common knowledge in the organisation (Nonaka and Takeuchi 1995) .
Participatory simulation from a knowledge creation perspective
Viewing PS as a knowledge creating process has not previously been introduced in the human factors and ergonomics field. Nevertheless, the knowledge creation perspective can bring a new frame of understanding to PS and other related participatory methods, because PS events include several of the same key elements as knowledge creation in an organisation does. In the following, we present three key elements and outline three assumptions that functioned as the initial frame of analysis of this study.
First key element: Interaction with objects in the form of simulation media
PS includes the application of and interaction with simulation media in the form of e.g. mockups, prototypes, and game boards that represent the initial design of the future work system (Daniellou 2007) . These simulation media have been shown to fill the roles as mediators between the different participants (Béguin 2003; Broberg, Andersen, and Seim 2011; Daniellou 2007) .
From a knowledge creation perspective, objects, such as the simulation media, have been shown to have the ability to mediate communication and sharing of knowledge between different actors, and thereby across boundaries (Carlile 2002) . Furthermore, interaction with objects has been shown to foster new insights and ideas through the phenomenon of 'backtalk' (Schön 1983) . 'Back-talk' happens when an actor interacts with or manipulates materials such as objects and then realises new insights based on the consequences of the interaction. The role of objects in knowledge creation in organisational studies may indicate that simulation media also have a role in knowledge creation in PS. Accordingly, our first initial assumption was that the activity of interacting with objects in the form of simulation media is a part of the knowledge creation process in PS.
Second key element: Engagement in tests and experiments
The simulation media are applied in what can be characterised as tests of different design scenarios of the future work system (Barcellini, Van Belleghem, and Daniellou 2014; Broberg, Andersen, and Seim 2011; Garrigou et al. 1995 ). The tests have been shown to be either narrative, where participants describe how the future work can be carried out in the new work system, or experimental, where participants act out the future work (Barcellini, Van Belleghem, and Daniellou 2014; Daniellou 2007) .
From a knowledge management perspective, the tests can be related to the principles of reflective practice (Schön 1983 ) and of trial and error (Nonaka 1994) . Reflective practice is an iterative process consisting of four iterative phases: framing the problem in a certain way, naming relevant factors of a situation, generating moves towards a solution, and reflecting on the outcomes of the moves (Schön 1983) . Trial-and-error is a similar iterative process that happens when different actors combine their individual knowledge to develop new concepts through 'experimentation' (Nonaka 1994) . The importance of experimenting in knowledge creation in organisational studies may also be important in knowledge creation in PS. Accordingly, our second initial assumption was that the activity of engaging in tests in the form of experiments is a part of the knowledge creation process in PS.
Third key element: Sharing knowledge in the form of experiences
Participating workers from different domains share perspectives and confront individual experiences (Broberg, Andersen, and Seim 2011; Garrigou et al. 1995; Xie, Carayon, Cartmill, et al. 2015) . This has the consequences of conflicts, splitting, and negotiation (Béguin 2003; Taveira 2008) or shared awareness, consensus, and group decisions (Patel, Pettitt, and Wilson 2012; Taveira 2008; Xie, Carayon, Cartmill, et al. 2015) .
From a knowledge management perspective, the sharing of perspectives and experiences can be related to the phenomenon of knowledge sharing. Knowledge sharing happens when individual and often tacit knowledge is converted into explicit and sharable knowledge, also called externalisation (Nonaka 1994) . Knowledge can have different forms, where experiences are a central form. Experience is defined as 'what we have done and what has happened to us in the past' (Davenport and Prusak 2000) , and is individual contextual knowledge. The importance of sharing knowledge, in the form of experiences, in the process of knowledge creation in organisations may also be important in the context of knowledge creation in PS. Accordingly, our third initial assumption was that the activity of sharing knowledge by referring to work experiences is a part of the knowledge creation process in PS.
Methods and procedures
We studied the PS events taking place in three different innovation centres, each related to a hospital renewal project in Denmark. These three projects were selected based on a maximum variation criterion (Flyvbjerg 2006) in relation to the PS types defined by the simulation medium. Thereby, the three projects applied three different simulation media: table-top models, full-scale mock-ups, and blueprints. The rationale of the maximum variation criterion was to strengthen findings of commonalities across the PS events of the three projects (Cresswell 2013) . In this way, we sought to identify commonalities in the knowledge creation process across the three different PS types.
Procedures of the participatory simulations
The three projects and the PS types are summarised in Table 1 , and the procedures for each PS type are presented in the following sections.
[ Table 1 ]
Table-top simulations
The table-top simulations of the first hospital design project were initiated by the Danish Capital Region Innovation Centre, and were based on table-top models. The models consisted of A0-sized poster (33.1 x 46.8 in), where LEGO ® figures and cardboard boxes were arranged; see Figure 1 . The LEGO ® figures depicted patients and healthcare professionals. The cardboard boxes illustrated rooms of the future outpatient department. The boxes were placed in different configurations to illustrate concepts for future building layout. The different layouts also included various ways of organising the work. The variety of layouts and work organisations were the foundations for each of the four PS events.
[ Figure 1 ] The participating healthcare professionals from the existing outpatient department were selected by the department management. The goal was to include representatives from the three main employee groups. The healthcare professionals were the most active in the simulations, whereas the consultants and researchers were mainly observing and only occasionally participating.
The work tasks applied as scenarios were assigned simulation time as a third of real time. For simulating the scenarios, each of the participants was assigned a role and a LEGO ® figure reflecting his or her professional background, and the group was supplied with egg timers for managing the simulation time of the scenarios. The participants moved the LEGO ® figures around the table-top model and simultaneously drawing the movements on the A0sized poster (33.1 x 46.8 in). After each scenario acting, the facilitator introduced a debriefing where the participants had the opportunity to discuss the insights obtained. This discussion often led to proposals of new work organisation or department layout in the form of a reconfiguration of the cardboard boxes, leading to yet another scenario being acted and so on.
The participants agreed on a concept for the future outpatient department layout and work organization. The notes and sketches documenting the concept were typed up as a part of a report intended to communicate the PS outcomes to architects, engineers, and other researchers in healthcare innovation.
Full-scale mock-up simulations
The full-scale mock-up simulations of the second hospital building project occurred in an innovation centre established by the owner of the hospital planning project. The mock-ups consisted of movable chipboard walls, large foam bricks, and standard hospital interior; see Figure 2 . The mock-ups were constructed by the two centre employees prior to the PS events on the basis of architectural blueprints of hospital room proposals provided by the consulting architects.
[ Figure 2 ] The participating healthcare professionals were selected by the centre employees on the criteria of having worked in the rooms to be tested through full-scale mock-up simulations. The employees from the project owner organisation, and engineers and architects from the consulting companies, participated in order to contribute with technical insights.
The PS events started with an introductory meeting where the centre employees introduced the participants to the architectural room proposal. In the meeting, the participants discussed possible ergonomics challenges and work scenarios. The scenario acting and discussion in the subsequent full-scale mock-up simulation resulted in the centre employees adjusting the mock-ups and the participants retesting the mock-ups, iteratively leading to new adjustments.
The simulations continued until a room design supporting an ergonomic work system was obtained. Documenting sketches and descriptions of the agreed room design were intended to serve as an input to the project owner organisation, the engineers, and the architects managing the further hospital design.
Blueprint simulations
The blueprint simulations were part of an initiative of one of the Danish Regional Councils to establish a regional consulting service in the form of an innovation centre. The centre assisted in the process of moving into a new intensive care unit (ICU) by introducing blueprint simulation two months before the staff had to move into the new facilities. The blueprint simulations were based on A0-sized (33.1 x 46.8 in) blueprints of the future ICU including LEGO ® figures, as illustrated in Figure 3 . The blueprints were the final version of the new ICU layout designed by a team of architects and engineers. The LEGO ® figures depicted patients and healthcare professionals at the ICU.
[ Figure 3 ]
The participating healthcare professionals were selected by the ICU management based on the criteria of involving healthcare professionals from the five main employee groups.
The applied scenarios stated typical work situations, e.g. two patients are unrestful and require attention, though it is time for the morning meeting for the nurses; what would you do? The scenarios triggered the participants to visualise the situation by applying the blueprint and the LEGO ® figures. To solve the scenarios, the participants discussed and tested different possible solutions by moving the LEGO ® figures around on top of the blueprint. The participants' discussions and acting of scenarios led to new questions and challenges, which iteratively encouraged new discussions and acting.
The blueprint simulation resulted in the participants agreeing on new ways of organising the work practices and the work systems. The participants' notes on the new organization and work practices intended to serve as input for the ICU management, architects, and engineers.
Data collection
The data collected were based on video recordings of the PS events. The first author observed and recorded the full-scale mock-up simulations and the blueprint simulations. The second author observed, occasionally participated in, and recorded the table-top simulations. Video was recorded by applying a fixed camera with the purpose of acquiring a distant view of the PS events, and thereby recording the interactions of the different participants (Heath, Hindmarsh, and Luff 2010) . An advantage of the fixed camera was also that the camera drew less attention from the simulation participants.
Data analysis
The data analysis was based on three steps, as illustrated in Figure 4 . The three steps are elaborated in the following three sections.
[ Figure 4 ]
Video coding
In the first analysis step, we applied the three assumed knowledge creation activities of PS defined in Section 2.1 as a frame of analysis in the form of an initial coding protocol. The video recordings of the first PS events of each of the three hospital design projects were coded in order to identify the video segments in which participants engaged in the three activities. The coded video segments were transcribed as a combination of both audio and visual conduct (Heath, Hindmarsh, and Luff 2010) . The transcriptions were subsequently thoroughly examined to evaluate the initial coding protocol. From that examination, the initial coding protocol was expanded to five main activities and thirteen sub-activities as illustrated in Figure  4 and presented in Appendix A. The expanded coding protocol was applied in the coding of the remaining video recordings. This resulted in a total of 3,415 coded video segments.
Process mining
In the second analysis step, we applied process mining to explore the relations between the thirteen sub-activities identified in the first analysis step. Process mining is related to process analysis, which is the study of processes from a view of what is really happening and not from the view of predefined procedures (van der Aalst and Weijters 2005). Process mining is based on the utilisation of data from event-logs (van der Aalst and Weijters 2005). Event-logs refer to information systems that companies use to manage business processes. These systems include retrospective data on the conducted activities in relation to specific business processes, where each process instance is described as a case. The data are based on timestamps, consisting of a start-and end-time of each conducted activity per case. In this study, we expanded the understanding of event-logs to include our coding of the video recordings. The coded video segments were all described by a sub-activity and a timestamp. Furthermore, each coded video segment was part of one of the 12 PS events defined as cases. This left us with 12 cases and a list of sub-activities per case including timestamps.
In process mining, the cases in the form of sub-activities and timestamps are combined into a process map illustrating a 'representative' of the behaviour seen in the event-log (van der Aalst 2011). This map is created through the analysis of patterns of activities across the cases. The patterns involve both the sequence of activities and whether activities happen at the same time. Consequently, if activity B often happens after activity A or if activity B often happens at the same time as A, a causal dependency is assumed and a connection is visualised in the process map (van der Aalst 2011). For creating the process map, we applied the software Disco ® by Fluxicon (Eindhoven, The Netherlands). From the 12 PS events of subactivities and timestamps, we created a process map of the sub-activities representing the knowledge creation process across the 12 PS events. The process map is illustrated in the second analysis step in Figure 4 . This process map shows a nest of connections in the form of sequential relationships between the sub-activities.
Simplification of process map
In the third step of analysis, we applied the principles of aggregation and abstraction (Günther and van der Aalst 2007) to simplify the process map. Aggregation is intended to 'limit the number of information items displayed' in the process map (Günther and van der Aalst 2007) . This was done by clustering the sub-activities that were related to the same main activity. Abstraction is to omit information that is 'insignificant in the chosen context' (Günther and van der Aalst 2007) . This was done by omitting connections that had low frequency. The frequencies of the connections between the sub-activities are presented in Appendix B. We chose to omit connections with a frequency constituting less than 1.3% of the total number of frequencies of the connections between all sub-activities. In addition, we also left out the repetition connections, in the sense of self-looping of sub-activities.
Furthermore, we investigated which sub-activities occurred at the same time. These were identified per case through the analysis of overlap of the time-stamps and are presented in Appendix C. The sub-activities, having overlaps constituting more than 4.4% of the total number of overlaps between all sub-activities, were visually indicated on the simplified process map. The simplification of the process map resulted in a framework (Ostrom 2011) describing the knowledge creation process across the 12 PS events as illustrated in the third step of analysis in Figure 4 .
A framework of knowledge creation in participatory simulation
The developed framework is presented in Figure 5 . The framework includes five main activities and eight sub-activities. The frequencies of the connections, in the form of sequential relationships, are indicated by the thickness of the arrows. The frequency of each connection is described as a percentage of the total number of frequencies of the connections between all of the sub-activities in the process map. Some sub-activities often occurred at the same time and thereby did not constitute a sequence. This is visualised as dashed boxes in the framework. In the following sections, we review the framework, provide empirical examples of central sequential relationships, and interpret these in relation to the knowledge creation perspective.
[ Figure 5 ]
The relationship between 'asking other participants', 'explaining own work', and 'what-if discussions'
The activity, sharing work experiences, had two dominating sub-activities: asking other participants and explaining own work. The explaining own work led to what-if discussions, which were a sub-activity of the experimenting. In the what-if discussions participants discussed future scenarios related to how to design the new hospital work system. The discussions often started with 'what if…' and were focusing on either the physical elements of the work system, e.g. buildings or interior positioning, or organisational aspects of the work system, e.g. how to divide work. An example of the sequential relationship between the three sub-activities is presented in Table 2 .
[ Table 2 ]
'Explaining own work' as knowledge externalisation
The relationship between the explaining own work and what-if discussions had a high frequency. Thereby, explaining own work can be seen as a trigger of what-if discussions. To enable this triggering, the shared work experiences from the explaining own work had to be understandable to other participants. To be understandable, the work experiences in the form of individual knowledge had to be explicit, which implied externalisation of the individual knowledge (Nonaka 1994) . Thereby, when participants externalised their individual work experiences, they started engaging in experiments in the form of what-if discussions based on the externalisations.
The relationship between 'acting scenarios', 'physically testing and interacting', and 'what-if discussions'
The experimenting activity had two sub-activities: acting scenarios and what-if discussions. In the acting scenarios, participants acted out scenarios that had been defined beforehand or that continually developed during the PS events. The acting was in contrast to the what-if discussions in which participants discussed the scenarios but did not perform them. The acting scenarios often happened at the same time as participants were physically testing and interacting with the simulation medium, leading to what-if discussions. An example of this sequential relationship between the three sub-activities is presented in Table 3 .
[ Table 3 ]
'Experimenting' for combining externalised knowledge
The physically testing and interacting sub-activity was shown to be the link between the acting scenarios and what-if discussions. The relationship between these three sub-activities was shown to be bidirectional, meaning that the acting scenarios and what-if discussions occurred in iterations. The iterations related to the trial-and-error processes (Nonaka 1994 ) based on actors engaging in experiments and combined their externalised knowledge into new concepts (Nonaka 1994) . Thereby, the iterative experimenting was a process in which the participants combined their externalised knowledge.
The relationship between 'what-if discussions', 'pointing', and 'physically testing and interacting'
What-if discussions were a sub-activity of experimenting, and happened often at the same time as the pointing, which was a sub-activity of interacting with simulation medium. In this way, the participants applied the simulation medium in their discussions by pointing at different parts of the medium. The discussions and pointing led to the participants' physically testing and interacting with the simulation medium by grasping and moving parts. Physically testing and interacting was the second sub-activity of interacting with simulation medium. The interactions were shown to foster new what-if discussions. As a result, an iterative loop between these three sub-activities was identified, and an example is presented in Table 4 .
[ Table 4 ]
Two modes of simulation media interaction for knowledge combination
Pointing and physically testing and interacting were two modes of simulation media interaction. Each of them happened at the same time as each of the sub-activities of experimenting, as indicated with dashed boxes in the framework. Experimenting was the activity of participants combining externalised knowledge. To achieve this, participants had to communicate. Relating to the mediating abilities of objects (Carlile 2002) , the simulation medium and the two modes of interaction can be seen as central resources for the communication between the participants having different professional backgrounds. Thereby, the modes of interactions are also resources for the combination of externalised knowledge.
The relationship between 'what-if discussions', 'addressing ergonomics consequences', 'pointing', and 'formulating joint design specifications'
The what-if discussions led to addressing ergonomics consequences, which were a sub-activity of reflecting. The addressing ergonomics consequences happened when participants assessed and evaluated the ergonomics consequences of the scenario explored in the what-if discussions. At the same time, as the participants were addressing ergonomics consequences, they were pointing at parts of the simulation medium. Often, the addressing ergonomics consequences led backwards to the what-if discussions, resulting in an iterative loop. However, sometimes this loop led to formulating joint design specifications, which was a sub-activity of proposing new design. In the formulating joint design specifications, participants were together agreeing on and defining design specifications for the future hospital work system. Two different types of design specifications were identified. The first type consisted of tangible and precise design suggestions, e.g. specific placement of patients or interiors. The second type involved less tangible focus points, e.g. possible challenges about light inflow or psychosocial stress. The tangible design suggestions had the purpose of guiding the work system design, where the focus points were intended as challenges to be taken into account in the design. An example of the sequential relationship between the four sub-activities is presented in Table 5 .
[ Table 5 ]
Experiment-reflection loop as reflective practice in knowledge creation
The identified loop between what-if discussions and addressing ergonomics consequences shows an experiment-reflection loop. This loop relates to the third and fourth phases of reflective practice (Schön 1983) : generating moves towards a solution and reflecting on the outcomes. Here, the what-if discussions are discussions of possible design moves towards an ergonomic work system design, and addressing ergonomics consequences involves the reflections on the consequences of these possible design moves. The pointing, taking place at the same time as addressing ergonomics consequences, can be related to the phenomenon of 'back-talk' (Schön 1983) , where the participants' interactions with the simulation media are a resource for realising and reflecting on the ergonomics consequences. The frequency of the loop between the what-if discussions and the addressing ergonomics consequences was the highest compared with the other connections in the framework. Thereby, the reflective practice was a core part of the knowledge creation process in the PS activities.
The jointly created ergonomics knowledge
The experiment-reflection loop was shown to develop into participants formulating joint design specifications, which we see as the created knowledge. However, the frequency of the connection from addressing ergonomics consequences to formulating joint design specifications was observed to be relatively low compared with the frequencies in the experiment-reflection loop. Investigation of the low frequency revealed that when participants were addressing ergonomics consequences, they engaged in what-if discussions on several different ways of redesigning the work system in order to address the negative consequences. This resulted in addressing challenges, which led to new what-if discussion. The participants engaged in several iterations before they reached an agreement and formulated joint design specifications. Thereby, the knowledge created in PS is a result of comprehensive experimentreflection loops.
Discussion
The developed framework describes the sub-activities and sequential relationships constituting the knowledge creation process in participatory simulation (PS) of hospital work systems. The intention of the framework was to support ergonomists in planning and facilitating PS events. The framework supports this planning by revealing the activities and subactivities constituting the knowledge creation process of PS. Thereby, the ergonomist knows which activities to plan for. The planning includes selection of simulation medium to support both modes of media interaction; preparation of scenarios to support both types of experiments; and selection of participants with relevant professional experiences. The framework supports facilitation by revealing the connections between the sub-activities constituting the knowledge creation process of PS. The connections show which sub-activities form sequences leading to the created knowledge in the form of formulating joint design specifications. In the facilitation, the ergonomist then knows which activities to encourage and monitor in order to create new ergonomics knowledge. In this way, the framework reveals the previous hidden steps of the knowledge creation process in PS. In the following sections, we will discuss the contributions and further research of this study.
The knowledge creation perspective and the process mining method
Existing ergonomics studies have addressed and applied the principles of experiential learning and knowledge sharing (e.g. Béguin 2003; Neumann, Dixon, and Ekman 2012; Garrigou et al. 1995) , which relate to knowledge creation. However, viewing participatory activities such as PS as knowledge creation processes has not previously been introduced in the ergonomics field. The present study thereby contributes by showing how the theoretical knowledge creation perspective assists in drawing attention to the sub-activities of the PS process.
Several ergonomics studies have introduced a system perspective based on interconnected elements (e.g. Carayon et al. 2015; Hallock, Alper, and Karsh 2006 ) that relate to the process mining method. Despite the commonalities, process mining is still a novel method in the ergonomics field. In this study, the process mining supplemented the knowledge creation perspective by showing the connections between the knowledge creation activities, and thereby contributes by revealing the hidden steps of the PS process. Furthermore, the process mining provided an opportunity for conducting a deep and thorough empirical analysis.
The variations between the PS events
The PS events investigated in this study applied different simulation media, scenarios, and facilitation styles, and involved different types of participants. The possible influences of the variations are discussed in the following sections.
The simulation medium
The fidelity of the simulation medium has been shown to influence PS outcome (Andersen and Broberg 2015; Bligård, Österman, and Berlin 2014) . Furthermore, simulation participants are known to prefer some media over others (Österman, Berlin, and Bligård 2016) . Based on this, the simulation media in this study might have influenced the knowledge creation process, especially in relation to the two modes of media interaction. However, when comparing the three types of PS in relation to the two modes of interaction, we could not identify a clear pattern of difference. This could mean that the three simulation media all supported both modes of interaction. However, we will emphasise that this does not necessarily mean that the medium does not matter when creating ergonomics knowledge. The medium should still support both modes of interaction, e.g. blueprints without LEGO ® figures would not give rise to participants grasping and moving parts in the physically testing and interacting activity. This might also be the reason for simulation participants rating 2D blueprints as less preferable than full-scale mock-ups, which afford the physically testing and interacting activity to a greater extent (Österman, Berlin, and Bligård 2016) .
The scenarios and the facilitation style
The scenarios and the facilitation in the PS events were related. When scenarios were applied as outset for the PS, the events were facilitated in an open manner. When scenarios were applied as manuscripts, a more directed facilitation style was applied. Existing studies on scenario application show that scenarios stimulate ideation (Carroll 2000) , and existing studies on facilitation of simulation in education show that the facilitation style influences participants' educational profit (Clapper 2014) . Therefore, the scenarios and facilitation style of the PS in this study might have influenced the knowledge creation process. We expected the influence in relation to the two types of experimenting: acting scenarios and what-if discussions. Both rely on scenarios and require facilitation in different ways. When comparing the knowledge creation process of the three PS types, a small excess of acting scenarios happened in the table-top simulation, which applied scenarios as manuscripts and had a more directed facilitation style. However, the what-if discussions still occurred and resulted in experiment-reflection loops. This indicates that a scenario's application and facilitation style might influence the type of experiments taking place in PS. Furthermore, we suggest that further research be conducted on the influence of scenarios and facilitation on the knowledge creation process of PS.
The simulation participants
The simulation participants of the different PS events varied. Existing studies indicate that some participants are more skilled than others in engaging in participatory processes (von Hippel 2009; Reuzeau 2001) . Therefore, the differences of participants might have influenced the knowledge creation process. In some events, the diversity of the participants in relation to their professional background was limited. This was especially true in relation to the full-scale mock-ups. A low diversity could have resulted in fewer shared work experiences because the participants already knew each other's work due to their mutual professional background. We expected to see this in the asking other participants and explaining own work activities. However, the analysis did not show a clear pattern of difference between the PS events of low and high participant diversity. Nevertheless, we have to take into account that the involvement of workers in work system design has been a tradition in Scandinavia and workers are thereby culturally prepared for engaging in participatory processes. This might be different in other national contexts, and requires further research.
Limitations and transferability
This study is based on three hospital design projects consisting of 12 PS events. This yielded an in-depth understanding of these specific findings, limiting the generalisability of the study (Thomas 2011 ). However, Flyvbjerg (2006 argues that cases, such as the 12 PS events, can be examples to learn from. The learning can enable transferability of parts of the findings to other contexts with similar characteristics (Guba 1981) . The PS events of this study contribute to the design of hospital work systems, which are socio-technical systems with a complex nature (Hignett et al. 2013) . Thereby, other socio-technical-based contexts may have the same characteristics and can thereby draw from the PS framework of this study, e.g. service systems design.
Conclusion
The aim of this study was to develop a framework describing the process of how ergonomics knowledge is created in participatory simulation (PS). Based on three different types of PS in three hospital design projects, we applied a knowledge creation perspective and the process mining method. The theoretical perspective and the method resulted in a new understanding of PS in the ergonomics field. The analysis of the PS events resulted in a framework revealing five activities and six sub-activities connected in overlaps and sequential relationships, constituting the knowledge creation process of PS. The most central activities were sharing work experiences, experimenting, interacting with simulation medium, and reflecting. These activities led to the creation of ergonomics knowledge in the form of participants formulating joint design specifications with the aim of designing a future work system supporting both human well-being and overall system performance.
The framework reveals the hidden steps of the PS process. Understanding of these steps is central when ergonomists plan and facilitate PS aiming at the design of ergonomics work systems. Therefore, based on the developed framework, we have formulated four implications for practitioners to take into account when planning and facilitating PS:
• It is important to encourage simulation participants to explain their own work to foster externalisation of their work experiences. Sharing of work experiences leads to engagement of participants in experiments addressing how to design an ergonomic work system. • PS should be planned to include experiments in the form of both scenario acting and what-if discussions. Scenario acting often leads to what-if discussions; therefore, both types of experiments are needed in the knowledge creation process. • The simulation medium should be selected to support both types of experiments. In the acting of scenarios, the medium should provide the participants the opportunity for grasping and moving parts. In what-if discussions, the medium should provide the participants the opportunity for pointing at parts that are the focus of the discussion. • It is important to introduce opportunities for participants to reflect on the ergonomics consequences of the experiments. Such reflections are an essential step towards the creation of ergonomics knowledge in the form of joint design specifications. Table C1 shows the overlap of timestamps between the 13 sub-activities and thereby which sub-activities often took place at the same time. An example from the table is that the overlap between pointing (the 4 th column and row) and what-if discussions (the 2 nd column and row) constituted 11.19% of the total number of overlaps. This was the highest number of overlaps identified between the sub-activities.
Appendix C
[ 
From blueprint simulation PS events 1
The scenario simulated is how a nurse, assigned to receive a new patient, can manage to prepare medication for the patient. The medication has to be prepared in the medication room located in one part of the ICU. The new patient is placed in another location of the ICU. The challenge is that the nurse has to constantly monitor the new patient, meaning that the nurse cannot leave the patient to travel to the medication room.
Asking other participants
Physiotherapist:
Addresses a question to the participating coordinating nurse 1: 'Can you leave the [bed]room now?'
Explaining own work
Coordinating nurse 1:
Coordinating nurse 2:
'No, I can't…'
'I don't think we should be the only one to receive. The way we do it now is that we allocate two persons' (Refers to the fact that one of the persons can leave the room to prepare medication)
What-if discussions
Nurse:
' 
From table-top simulation PS event 3
In this simulation example, the intention is to reduce the number of times a patient has to move between rooms in the outpatient department. In the existing department, the patient moves from the waiting area to the physician in the examination room and to the nurse in the conversation room. In this scenario, the patient goes directly to a free examination room when arriving to the department. Furthermore, the physician and nurse do not have settled rooms, but move from room to room, and thereby from patient to patient.
Acting scenarios,
Physically testing and interacting
Medical secretary: (acting patient)
Physician:
(acting physician)
(acting nurse)
Medical secretary: (acting patient)
An egg-timer rings.
'Now I'm done'
'Then I say goodbye, and then I go out here and start writing' Moves the LEGO ® figure out of the examination room (cardboard box) into the staff area on the A0-sized poster (33.1 x 46.8 in) .
'Yes, and we [the nurse and the patient] have talked, so the patient can just go home now. Goodbye' 'Yes, goodbye…' Grasps her LEGO ® figure and moves the figure out of the examination room (cardboard box) towards the reception on the A0-sized poster (33.1 x 46.8 in) . She draws the movement on the poster using the marker. 
What-if discussions

From full-scale mock-up simulation PS event 3
This simulation example is related to how cabinets in a depot for bed wards can be placed. The challenge is to obtain the most efficient utilisation of the square metres and at the same time provide the best conditions for work within the depot. The work within the depot is related to handling of stored assistive technologies, e.g. wheelchairs.
What-if discussions,
Pointing
Project division staff:
Executive nurse 1:
Executive nurse 2:
'What if we placed cabinets all the way down in the middle': Stands within the mock-up and points across the room to indicate where the cabinets could be placed.
'Then we could walk down one or the other side'
First pointing at one side and then at the other side of the imaginary row of cabinets.
'So, what you are saying is that we can have cabinets here…' Points across the room in the same direction as the project staff.
'…and then we can open them from both sides?' Points at each side of the imaginary row of cabinets.
Physically testing and interacting
Executive nurse 1: 'Yes, that might work. Let's try that.'
Grasps several large foam blocks and places them in the middle of the room to symbolise the row of cabinets.
…
What-if discussions
Executive nurse 3: 'But what if we have to place a wheelchair in here?' 
From blueprint simulation PS event 3
The challenge of this simulation is to place an isolation patient in the new ICU. The patient has to be in isolation because of an infection. The aim is to place the patient in a bedroom close to the sluice room, in order to minimise the distance that the waste from the isolated patient has to be transported. When decreasing the distance, the risk of passing the infection on to other patients is decreased, and the amount of walking for the nurses is decreased.
What-if discussions, Pointing
Nurse 1: 'What if we place him here?' Points at one of the bedrooms in the blueprint.
Address ergonomics consequences, Pointing
Coordinating nurse: 'Yes, then he is close to the sluice room, to the depot, to all the things.' Points first at the sluice room and then to the depot on the blueprint.
What-if discussions
Nurse 2:
Coordinating nurse:
'But it depends on which other patients we have at the moment.'
'Then we could also place him in bedroom number eight?' (Bedroom Number 8 is at the other side of the building.)
Pointing, Address ergonomics consequences
Nurse 1: 'Yes, he can be placed there or over here…' Points at the first proposed bedroom and then at Bedroom 8.
'…because then [in both cases] he is close to the sluice room and the depot.' Points at the sluice room and the depot.
Formulating joint design specifications
Occupational therapist, Nurse 1:
'So we all agree that he has to be placed in that end of the building.' 'Yes. '  Table A1 . The coding protocol of the video recordings
Main activities
Description of main activities
Sub-activities Description of sub-activities
Sharing work experiences
Share work experiences or viewpoints based on professional background.
Explaining personal needs
Explaining individual personal needs based on professional work experiences.
Explaining own work
Explaining own work in the current or future work system.
Including actors not present
Taking professions or other actors into account who are not related to the participant's profession and not present at the simulation.
Asking other participants
Asking about other participants' work and work experiences.
Interacting with simulation medium
When the simulation medium is actively applied in discussions among the participants.
Pointing
Pointing at the simulation medium, but not physically interacting.
Physically testing and interacting
Physically interacting with the simulation medium by grasping or moving parts.
Experimenting Test or discuss different design suggestions or scenarios.
Acting scenarios Acting scenarios either defined beforehand or developed continually during the simulation events.
What-if discussions
Discussions of future scenarios, often starting with 'what if…'
Reflecting
Consider, assess, and react to the insights on future ergonomics conditions obtained during experiments.
Addressing ergonomics consequences
Addressing and assessing ergonomics consequences of the work system design.
What happened here
Wondering comments, often starting with 'what happened here…?'
Emotional reactions
Spontaneous emotional reactions related to the realised ergonomics consequences.
Proposing new design
Jointly agree upon design changes of the work system.
Manipulation of simulation medium
Introduction of design changes by manipulating the simulation medium.
Formulating joint design specifications
Jointly formulated design specifications in the form of either specific requirements or intangible focus points. Simulation starts 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Emotional reaction 0.00 0.04 0.04 0.13 0.04 0.09 0.39 0.04 0.17 0.00 0.00 0.00 0.04
Acting
What happened here 0.00 0.00 0.00 0.13 0.13 0.04 0.00 0.00 0.09 0.00 0.00 0.00 0.00
Formulating joint design specifications 0.04 0.26 0.09 0.39 0.00 0.04 0.00 0.09 0.35 0.00 0.00 0.00 0.00
Manipulation of simulation medium 0.00 0.09 0.74 0.00 0.00 0.04 0.00 0.00 0.17 0.04 0.00 0.00 0.00 
Figure captions
